BACKGROUND-The prediction of clinical behavior, response to therapy, and outcome of infiltrative glioma is challenging. On the basis of previous studies of tumor biology, we defined five glioma molecular groups with the use of three alterations: mutations in the TERT promoter, mutations in IDH, and codeletion of chromosome arms 1p and 19q (1p/19q codeletion). We tested the hypothesis that within groups based on these features, tumors would have similar clinical variables, acquired somatic alterations, and germline variants.
RESULTS-Among 615 grade II or III gliomas, 29% had all three alterations (i.e., were triplepositive), 5% had TERT and IDH mutations, 45% had only IDH mutations, 7% were triplenegative, and 10% had only TERT mutations; 5% had other combinations. Among 472 grade IV gliomas, less than 1% were triple-positive, 2% had TERT and IDH mutations, 7% had only IDH mutations, 17% were triple-negative, and 74% had only TERT mutations. The mean age at diagnosis was lowest (37 years) among patients who had gliomas with only IDH mutations and was highest (59 years) among patients who had gliomas with only TERT mutations. The molecular groups were independently associated with overall survival among patients with grade II or III gliomas but not among patients with grade IV gliomas. The molecular groups were associated with specific germline variants.
CONCLUSIONS-Gliomas were classified into five principal groups on the basis of three tumor markers. The groups had different ages at onset, overall survival, and associations with germline variants, which implies that they are characterized by distinct mechanisms of pathogenesis.
The past 25 years of research into glioma biology have led to the discovery of hundreds of molecular alterations in grade II, III, and IV gliomas (grade II and III gliomas are sometimes described as lower-grade gliomas, and grade IV gliomas are commonly described as glioblastoma multiforme). [1] [2] [3] Among these molecular alterations, three are particularly noteworthy, because they occur early during glioma formation, are prevalent in glioma, or are strongly associated with overall survival. The first alteration to be identified was the codeletion of chromosome arms 1p and 19q (1p/19q codeletion), which is associated with the oligodendroglial histologic type and with sensitivity to chemotherapy with alkylating agents. [4] [5] [6] The second was mutation in either IDH1 or IDH2 (these genes are very similar to one another and hereafter are collectively referred to as IDH), which was not restricted to a specific histopathological type of glioma but instead was associated with a distinctive tumor-cell metabolism. 7 The third was mutation in the promoter of TERT, which encodes telomerase. Curiously, mutation in the TERT promoter, which results in enhanced telomerase activity and lengthened telomeres, is seen in both the most aggressive human glioma (grade IV astrocytoma) and the least aggressive diffuse human glioma (grade II oligodendroglioma). This suggests that telomere maintenance may be a necessary precondition for the formation of brain cancer. 8, 9 In addition, certain germline polymorphisms are associated with specific histologic types of glioma [10] [11] [12] and particularly with the presence or absence of tumor-specific mutations, such as those affecting IDH. 13 For example, one single-nucleotide polymorphism (SNP) on chromosome 8q24 (rs55705857 in dbSNP) is associated with a risk of IDH-mutated glioma 14 that is increased by up to a factor of 6 and is associated with progression-free survival among patients who have been treated with procarbazine, lomustine, and vincristine. 15 Thus, using this knowledge of tumor biology, we defined molecular groups 16, 17 that are based on the presence or absence of TERT promoter mutations, IDH mutations, and 1p/19q codeletion and sought to determine whether (and in some cases, confirm that) these groups have specific clinical features, are enriched for specific acquired somatic alterations, and have associations with germline variants. 14 
Methods

Study Participants
Written informed consent was obtained from all participants in all studies. In this study, we included patients who had infiltrative glioma of histologic grade II, III, or IV. Grade I tumors (pilocytic astrocytoma) are clinically and pathologically distinct and thus were not included.
The Mayo Clinic glioma case-control series, as well as the cases and controls from the University of California, San Francisco (UCSF), Adult Glioma Study, have been described previously. 10, 13 A total of 317 cases and 789 controls from the Mayo Clinic series were used as the discovery set in this study, and 351 cases and as many as 4504 controls (depending on the SNP being analyzed) from the UCSF Adult Glioma Study were used as the first replication set.
A total of 153 grade IV gliomas and 266 grade II or grade III gliomas from the Cancer Genome Atlas (TCGA) could be assigned to one of the five molecular groups and thus were used as the second replication set in this study (Table S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org).
Data from the Mayo Genome Consortia phase 1 controls were used as the control data for SNP association analyses of TCGA glioma cases. 18 The Mayo Genome Consortia phase 1 samples included 6297 controls across three studies.
Statistical Methods
We compared age at diagnosis across the five molecular groups, using contrast estimates from an analysis of variance model. Both unadjusted and adjusted Kaplan-Meier curves were used to estimate overall survival for each of the five molecular groups stratified according to grade. A stratified (according to grade) Cox proportional hazards model was used to determine whether the five molecular groups were associated with overall patient survival after adjustment for sex, age at diagnosis, tumor histologic type, and tumor grade. For each molecular group, an additive logistic-regression model was used to assess the association between each SNP and disease status, with genotype coded as 0, 1, or 2 copies of the minor allele. Detailed information regarding the statistical analysis, as well as additional information about the three case-control studies, clinical characteristics, pathologic features, tumor markers, and genotyping, is available in the Supplementary Appendix.
Results
Molecular Groups
The overall prevalence of TERT promoter mutations, IDH mutations, and 1p/19q codeletion was similar across the three data sets (the Mayo Clinic, the UCSF Adult Glioma Study, and TCGA) (Fig. S1 in the Supplementary Appendix). Of the eight possible combinations based on the presence or absence of the three tumor markers, five (each of which represented 4% or more of the full set) could be used to classify most of the 1087 glioma cases (Fig. 1 , and Table S2A in the Supplementary Appendix): triple-positive (mutations in both TERT and IDH plus 1p/19q codeletion), mutations in both TERT and IDH, mutation in IDH only, triple-negative, and mutation in TERT only. The prevalences of these five groups were similar across the three data sets (Fig. S2 in the Supplementary Appendix). Among the 615 grade II or grade III gliomas in the combined data set, 29% were triple-positive, 5% had mutations in both TERT and IDH, 45% had mutations in IDH only, 7% were triple-negative, 10% had mutations in TERT only, and 5% had other combinations. Among the 472 grade IV gliomas in the combined data set, less than 1% were triple-positive, 2% had mutations in both TERT and IDH, 7% had mutations in IDH only, 17% were triple-negative, and 74% had mutations in TERT only. Only 28 (2.6%) of the gliomas could not be assigned to one of these five groups: 21 of these (75%) were oligodendrogliomas or mixed oligoastrocytomas with IDH mutations and 1p/19q codeletion (but no TERT mutation).
The five molecular groups were distributed across all histologic types and grades of glioma ( Fig. S3 and S4 in Supplementary Appendix). However, specific histologic types were found more frequently within certain groups (Table S2A in the Supplementary Appendix). For example, in the combined data set, all but three triple-positive gliomas were oligodendrogliomas or mixed oligoastrocytomas. The group with TERT and IDH mutations and the group with only IDH mutations contained a large proportion of grade II or III astrocytomas and mixed oligoastrocytomas. Although 85% of gliomas with only TERT mutations were grade IV gliomas, this group also contained 32 of 119 (27%) grade III astrocytomas and 7 of 74 (10%) grade II astrocytomas. Finally, 81 of 121 (67%) triplenegative gliomas were grade IV gliomas. Approximately 80% of triple-positive gliomas and gliomas with only IDH mutations occurred in the frontal lobe (see Table S2B and the Results section in the Supplementary Appendix). Table 1 summarizes the alterations that were consistently observed in the five glioma groups. A detailed summary of these alterations, including the prevalence of MGMT methylation, is provided in the Supplementary Appendix. Table S3 in the Supplementary Appendix provides a list of selected copy number and point mutations for which data were available in the three study cohorts. A comparison among the five molecular groups with regard to acquired mutations and TCGA glioblastoma RNA expression subtypes is provided in Figures S4 and S5 in the Supplementary Appendix.
Acquired Genetic Alterations
Clinical Significance of Glioma Molecular Groups
The age at diagnosis varied significantly among the molecular groups (Fig. 2 , and Tables S2B and S2C in the Supplementary Appendix). The mean age at diagnosis across all three data sets was 44 years in the triple-positive group, 46 years in the group with TERT and IDH mutations, 37 years in the group with only IDH mutations, 50 years in the triple-negative group, and 59 in the group with only TERT mutations. Patients who had gliomas with only TERT mutations were significantly older than those with triple-negative gliomas (P<0.001) ( Table S2C in the Supplementary Appendix), even though nearly all patients in both groups had grade IV tumors. In addition, patients who had gliomas with only IDH mutations were significantly younger than those with triple-positive gliomas, gliomas with TERT and IDH mutations, or triple-negative gliomas (P<0.001).
An analysis with the use of a multivariate Cox model showed a significant interaction between glioma grade and molecular group (P = 0.006). Thus, all Cox models were evaluated separately for grade II and III gliomas and for grade IV gliomas. Among patients with grade II or III gliomas, the age at diagnosis, grade, and molecular group were independently associated with overall survival (Table 2 ). After adjustment for the age at diagnosis and for grade, patients who had gliomas with only TERT mutations had poorer overall survival than did patients who had gliomas that were triple-negative, gliomas with TERT and IDH mutations, gliomas with only IDH mutations, or triple-positive gliomas (Fig.  3A , and Table S4 in the Supplementary Appendix). Patients with triple-negative gliomas had poorer overall survival after adjustment for age and grade than did patients who had gliomas with TERT and IDH mutations or triple-positive gliomas. Among patients with grade IV gliomas, molecular group was associated with overall survival in the univariate model but not in the multivariate model (Table 2 and Fig. 3B ). Site-specific unadjusted Kaplan-Meier curves showed consistency across the data sets (Fig. S6 in the Supplementary Appendix).
Association between Glioma Molecular Groups and Germline Variants
We evaluated the associations between the five glioma groups and nine regions that had previously been shown in genomewide association studies to be associated with glioma risk: TERC (3q26), TERT (5p15), EGFR (7p12, containing two independent regions), CCDC26 (8q24), CDKN2A or CDKN2B (hereafter referred to as CDKN2A/B) (9p21), PHLDB1 (11q23), TP53 (17p13), and RTEL1 (20q13) (Fig. 4, and Fig. S7 and Table S5 in the Supplementary Appendix). [10] [11] [12] [13] [14] Most notably, the CCDC26 SNP (rs55705857) was associated with an increased risk of the development of any glioma with IDH mutations. The PHLDB1 SNP (rs498872) was associated with gliomas with only IDH mutations. The TERC (rs1920116), TERT (rs2736100), and RTEL1 (rs6010620) SNPs were protective against gliomas with only TERT mutations. The CDKN2A/B SNP (rs4977756) was associated with an increased risk of both triple-negative gliomas and gliomas with only TERT mutations. The TP53 SNP (rs78378222) was associated with an increased risk of gliomas that have TERT and IDH mutations. The CCDC26 and TERT SNPs were also associated with an increased risk of proneural gliomas (Table S6 and 
Discussion
Despite extensive efforts to characterize the molecular biologic characteristics of glioma, 1, 2, 16, 17, 19, 20 in practice there remains no simple way to reliably categorize patients with glioma in clinically and etiologically similar groups. We defined a priori groups that were based on the presence or absence of TERT promoter mutations, IDH mutations, and 1p/19q codeletion. With the resulting classification of patients in one of five groups, we extend previous observations that have been based on histologic type, grade, IDH mutation, and 1p/19q codeletion. 3, 15 We found consistent associations between the molecular groups and age at diagnosis, survival, patterns of acquired alterations, and germline variants across the three data sets. This consistency is remarkable, given the different methods of case ascertainment that were used in the three different series that we analyzed (cases in the UCSF Adult Glioma Study were population-based and clinic-based, cases from the Mayo Clinic were referral-based, and cases from the TCGA project were selected primarily on the basis of tumor size). The Cancer Genome Atlas Research Network 3 independently identified similar groups, using unsupervised clustering analyses of DNA mutation, RNA expression, DNA copy number, and DNA methylation data.
Triple-positive gliomas are most strongly associated with the oligodendroglial histologic type, the minor allele of the SNP rs55705857 (8q24), and better overall survival. If it is assumed that nearly all gliomas with 1p/19q codeletion have mutations in TERT and IDH, recent data from the Radiation Therapy Oncology Group suggest that such tumors will have greater benefit from adjuvant chemotherapy and radiation. 15 These tumors are "genomically quiet" relative to those in the other groups (i.e., they have few additional acquired alterations other than the 1p/19q codeletion, TERT promoter mutation, and IDH mutation). Approximately half of these tumors do not have CIC and FUBP1 mutations, but whether CIC and FUBP1 are altered by other mechanisms or whether different tumor suppressor genes on 1p and 19q acquire mutations remains to be determined. This group and the group with only TERT mutations have a high prevalence of loss of chromosome 4 and acquired PIK3CA or PIK3R1 mutations; however, the age at diagnosis, overall survival, and germline variant associations differ between these two groups. Experimental models of triple-positive gliomas should enhance our understanding of the dynamic relationships among germline variants, chromatin structure, IDH mutation, telomere maintenance, and chemosensitivity.
Among adults with gliomas, those with tumors that have only IDH mutations have the earliest mean age at onset (37 years) and an intermediate prognosis; they also account for half of all patients who have gliomas with an oligodendroglial component and two thirds of those who have grade II or III astrocytomas. These tumors almost always acquire mutations in TP53 and ATRX. On the basis of their uniform mutational profile, gliomas with only IDH mutations become an important group for experimental modeling and novel therapeutic discovery.
Gliomas with only TERT mutations are primarily grade IV gliomas; however, 39 of 406 (9.6%) in our study were grade II or III. Grade II or III gliomas in this group have an aggressive course and are associated with poor survival, which suggests the need for early adjuvant therapies and meticulous follow-up. Additional prognostic information may be gained by stratifying these gliomas according to epidermal growth factor receptor (EGFR) status. 21 The relationship between germline variants in telomere components (TERC, TERT, and RTEL1) and the acquisition of TERT promoter mutations is noteworthy and deserves further study. 22 Gliomas that harbor mutations in both TERT and IDH without an accompanying 1p/19q codeletion are relatively rare, accounting for 4% of all gliomas in the combined data set. The germline TP53 SNP rs78378222 is associated with gliomas with TERT and IDH mutations but not with the other four groups. Some tumors also acquire ATRX alterations and thus show that ATRX mutation and TERT mutation are not always mutually exclusive. Patients who have grade IV tumors with mutations in TERT and IDH have poor survival, similar to that in patients who have gliomas with TERT mutations only. Thus, the presence of an IDH mutation does not always indicate a favorable prognosis. When these tumors manifest as grade II or III, they are associated with an overall survival similar to that associated with triple-positive gliomas. Because triple-positive gliomas are defined by whole-arm 1p/19q codeletion mediated by a 1;19 translocation, 4 it is possible that some gliomas with TERT and IDH mutations acquire functionally similar alterations that simulate deletion of 1p and 19q (or alterations within genes that reside on these chromosomes).
Triple-negative gliomas constitute 7% of grade II or III gliomas and 17% of grade IV gliomas. Although they typically develop in younger patients (approximately 10 years younger) than do gliomas with TERT mutations only, these two types of gliomas have a similar level of MGMT promoter methylation and similar associations with germline variants.
TERT promoter and ATRX gene alterations are common in all gliomas. Alterations of both genes are associated with enhanced telomere maintenance. 9, 23 Our data suggest that TERT promoter alterations and ATRX alterations are usually mutually exclusive, but some gliomas appear to have both, and some appear to have neither. In our study, triple-negative gliomas typically did not acquire ATRX alterations. Of the gliomas that could not be classified within our scheme, most had acquired the 1p/19q codeletion and IDH mutations (without TERT or ATRX mutations). If enhancement of telomere maintenance is required for glioma development, then it is reasonable to hypothesize that gliomas without alterations in TERT or ATRX acquire alterations that we did not capture in our analysis or alterations in other components of the enzymatic machinery that maintains telomeres, such as POT1. 24 Some germline variants (such as those in TERT or TERC) may also be associated with critical telomere lengthening. 22 In terms of survival, mutation in the TERT promoter is generally unfavorable in the absence of IDH mutation and favorable in the presence of IDH mutation and 1p/19q codeletion. TERT promoter mutation is associated with an older age of the patient at presentation, regardless of whether IDH mutation is present.
Specific germline variants segregate with gliomas that have IDH mutations and 1p/19q codeletion. 13, 14, [25] [26] [27] SNPs at chromosome locus 8q24, especially rs55705857, were highly associated with IDH mutation, which suggests that this region contains a germline alteration that facilitates the initiation or progression of gliomas with IDH mutations. Risk alleles of 8q24 SNPs are associated with gliomas with duplication of chromosome 8q24 (data not shown) that include MYC and specific SNPs (such as rs55705857) in this region. Perhaps this region contains several "driver" DNA elements that facilitate glioma development, similar to the way that duplication of chromosome 8q24 facilitate the development of some breast cancers. 28 A possible mechanism of action may involve long noncoding RNAs encoded within the large 8q24 genomic region near MYC. 29 Another possibility is that the SNP rs55705857 encodes a DNA element that confers a predisposition to IDH mutation; alternatively, in the presence of IDH mutation, the encoded element may activate specific transcriptional regulatory networks (e.g., those involving MYC).
A multivariate Cox-model analysis (Table 2) suggested that survival among patients with grade II or III glioma, stratified according to molecular group, was independent of age at diagnosis, histologic type, and grade. This did not appear to be true for patients with grade IV gliomas: age at diagnosis and molecular group were each associated with outcome in patients with grade IV gliomas, and these variables were not independent of one another. Although the data on overall survival were robust with respect to sample size and showed consistency among data sets, they must be considered preliminary. Confounders such as treatment and MGMT methylation status may have affected survival. Furthermore, the biologic characteristics of the molecular groups may reflect additional prognostic variables. For example, these groups may be associated with the intracerebral location and infiltrative characteristics of the tumor, 17 which may influence resectability, radiation planning, and sequelae, and therefore, outcome. Further study of outcomes associated with the groups, stratified according to key clinical variables, is warranted.
Historically, histologic classification and grading of infiltrating gliomas have been used to determine prognosis and therapeutic interventions. However, histologic type and grade have poor reproducibility among pathologists, especially for tumors with oligodendroglial components. We show that classic observations relating glioma prognosis to age at diagnosis, histologic type, and grade can be captured within a conceptually simple framework that incorporates three molecular tests. Two tests (for IDH mutation and 1p/19q codeletion) are currently being performed in clinical laboratories that are certified according to the Clinical Laboratory Improvement Amendments and are components of the College of American Pathologists Proficiency Surveys. 30 The third test (for TERT promoter alterations) is also relatively simple and could be incorporated into molecular pathology laboratories. These tests will have sensitivity and specificity that vary according to the laboratory that performs them, but misclassification should be minimal.
In summary, the presence or absence of TERT promoter mutations, IDH mutations, and 1p/19q codeletion can be used to define five principal groups of gliomas with characteristic distributions of age at diagnosis, clinical behavior, acquired genetic alterations, and associated germline variants. This framework could be further refined through the incorporation of alterations in ATRX, TP53, EGFR, or PTEN or other alterations that might be useful to consider in the diagnosis of glioma. 3, 31 
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The prevalence of the molecular groups among gliomas of grade II or III (astrocytomas, mixed oligoastrocytomas, and oligodendrogliomas), grade IV (glioblastoma multiforme), and grades II through IV combined is shown. Shown are the odds ratios for the five molecular groups of glioma for each of the singlenucleotide polymorphisms (SNPs) that have been found in case-control studies to be associated with glioma. Only SNPs with a P value of 0.0011 or lower (Bonferroni-corrected P value for testing nine regions in each of the five molecular groups) are shown. Vertical lines indicate the 95% confidence intervals associated with the odds ratios. For this figure, the cases and controls from Mayo Clinic, UCSF Adult Glioma Study, the Cancer Genome Atlas, and the Mayo Genome Consortia were combined. See Figure S7 in Supplementary Appendix for an illustration of results for the nine regions for all five glioma groups. See Table S6 in Supplementary Appendix for a complete summary of the data for all 22 SNPs evaluated. * The hazard ratio is for each 1-yr increase in age. † The hazard ratio was significant (P<0.05).
